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Epigenetic changes involve stable changes in gene expression that occur without changes in the code 62 of DNA-base pairs (Goldberg et al., 2007) . These changes are the result of e.g. changes in DNA 63 methylation, histone modifications or RNA interference and can be induced by exposure to 64 environmental contaminants (Reamon-Buettner et al., 2008) . Moreover, some epigenetic changes 65 can be inherited by subsequent generations, even if the triggering environmental factor is removed 66 (as reviewed by Youngson and Whitelaw (2008) ). 67
A striking example of inheritable chemical-induced epigenetic effects was observed in pregnant rats 68 exposed to the fungicide vinclozolin. This resulted in reduced reproduction, which correlated with 69 altered DNA methylation patterns, of the male progeny up to four generations after the toxic 70 exposure (Anway et al., 2005) . These results could not be reproduced by Schneider et al. (2008) . 71
However, the latter authors administered the vinclozolin orally, while Anway et al. (2005) used 72 intraperitoneal injection. 73
If environmental exposure to chemicals induces inheritable epigenetic effects to non-exposed future 74 generations and if this is wide-spread among species, this phenomenon may have major 75 consequences for the way ecological risks assessments of chemicals are performed. In this case the 76 effects of temporary exposures to contaminants on the future status of ecosystem structure and 77 functioning should be considered. 78
Most of the research related to epigenetics has been performed with model animal species such as 79 Drosophila, mice and rats and with plants like Arabidopsis (Youngson and Whitelaw, 2008) . Although 80 possibly of major importance to environmental toxicology and risk assessment, studies on 81 transgenerational epigenetic effects in more environmentally relevant species are scarce, e.g. Brown 82 et al.(2009) . In Daphnia magna, one of the standard species in aquatic toxicology, DNA methylation 83 has recently been detected (Vandegehuchte et al., 2009a) . Transgenerational effects of different 84 maternal Zn exposures on the reproductive output of the next generation of D. magna have been 85
reported, but effects on the subsequent generations have not been studied (Muyssen and Janssen, 86 generation, the assumptions were not met and a Mann-Whitney U test was used. In all tests, the 160 limit of significance was set at p = 0.05. 161
Microarrays 162
Three D. magna cDNA libraries enriched with genes related to energy metabolism, molting and life 163 stage specific processes have been developed by Soetaert et al. (2006; 2007a) using the suppression 164 subtractive hybridization technique. Next to these cDNA libraries, two extra cDNA fragments, 165 corresponding to expressed sequence tags (ESTs) from genes that are reported to be sensitive to Zn 166 were spotted on the array: ESTs with homology to (1) ferritin (AJ292556) and (2) retinol dehydratase 167 (DV437801) gene fragments (Poynton et al., 2007) . Finally, also two ESTs with homology to putative 168 MTs (metallothioneins) (DV437799 and DV437826) were spotted because MTs have been shown to 169 be induced by Zn (Fan et al., 2009) . These sequences were PCR amplified from a cDNA sample taken 170 from a random treatment, checked by electrophoresis, purified by Montage PCR Plate (Millipore, 171 USA) and loaded into 384-well plates (Genetix, UK) in 50% dimethylsulfoxide at a final concentration 172 of 50-75 ng/µL. The isolated cDNA clones from the cDNA libraries were PCR amplified from the 173 pGEM-T easy vector (Promega, USA) after which the same control, purification and loading steps 174 were performed. The cDNA fragments (average length of 415 bp) were spotted in triplicate on 175 aminosilane coated glass slides (Generoma microarray slides, Asper Biotech, Estonia). A set of 176 artificial control genes (Lucidea Universal Scorecard, Amersham Biosciences, UK) were also spotted. 177
After rehydration and drying, the cDNA fragments were cross-linked to the slides using UV-radiation 178 at 300 mJ (UV Stratalinker 2400, Stratagene, USA). The cDNA microarrays were used as a dual color 179 system where two samples are labeled with different dyes and hybridized together on one array. 180
Microarray preparation 181
Three replicates of ten adult daphnids per treatment ('treatment' = combination of generation and 182 exposure type, see Fig. 1 ) were sampled for mRNA analysis. This was done one to three days after 183 the fifth brood was observed in the aquarium, when sufficient 0-24h offspring were available to start 184 the next generation. After submerging the daphnids in RNALater (Qiagen, the Netherlands) they 185 were flash frozen in liquid N 2 and total RNA was isolated using the Trizol extraction method following 186 the manufacturers' protocol (Invitrogen, Belgium). Following DNase treatment (Fermentas, 187 Germany), RNA integrity was evaluated by denaturing formaldehyde-agarose gel-electrophoresis. 188
Lucidea test or reference mRNA spikes were added to the RNA samples. Probes were prepared by 189 converting 5 µg total RNA from each replicate into aminoallyl-dUTP (Sigma, Belgium) labeled cDNA 190 using the Superscript II Reverse transcriptase kit (Invitrogen, Belgium). Remaining RNA was 191 hydrolyzed and un-incorporated nucleotides were removed using the Qiaquick PCR purification 192 columns (Qiagen, the Netherlands) following a modified protocol (van der Ven et al., 2005) . 193
Treatment and reference pool aminoallyl cDNA were then covalently coupled with esters, respectively (or vice versa in dye-swap experiments), purified once more, and the labeling 195 efficiency was determined by spectrophotometry (Nanodrop ND-1000, Nanodrop Technologies, 196 USA). Each of the three replicates of the treatment daphnids was hybridized on a separate array 197 against a labeled reference pool sample, following a universal reference design. 198
Bioinformatic analysis of microarray data 199
The microarrays were scanned using the Genepix personal 4100 Scanner (Axon instruments, USA). 200 Scanned images were analyzed using the Genepix Pro Software 4.0 (Axon Instruments) for spot 201 identification and for quantification of the fluorescent signal intensities. Subsequently, data were 202 further evaluated using the Bioarray Software Environment database (BASE 1.2.17, http://www.islab. 203 ua.ac.be/base/), i.e. a MIAME platform based microarray analysis method developed by the 204 Intelligent Systems Laboratory (University of Antwerp, Belgium). Spots were background corrected 205 by local background subtraction. Spots with saturated intensities were filtered out by visual 206 inspection. The Cy5/Cy3 ratio was calculated for each spot, log 2 transformed, and normalized 207 between arrays using variance stabilization normalization (Huber et al., 2002) . Analysis of significant 208 differences in transcription between treatments was performed by using Limma (linear models for 209 microarray data) (Smyth, 2004; Smyth et al., 2005) . Fragments for which the p-value, adjusted for 210 false discovery rate, was lower than 0.05, were retained as significantly up-or downregulated 211 (Benjamini and Hochberg, 1995) . Only those fragments for which the log2 ratio was outside the 212 interval [-0.75, 0.75] were retained for further analysis. Sequence descriptions and annotations were 213 obtained through Blast2GO (Conesa et al., 2005) The internal Zn concentration in the exposed F 0 Zn + daphnids was 229 µg Zn/g dry weight. This was 224 significantly higher than the 69 µg Zn/g dry weight observed in the F 0 control daphnids. The average 225 internal Zn concentration in the non-exposed F 1 and F 2 Zn -treatments was not significantly different 226 from the average in the F 1 and F 2 controls: resp. 54 vs. 49 and 69 vs. 51 µg Zn/g dry weight. These 227 concentrations are in the same range as the 96 µg/g and 173 µg/g observed by Muyssen et al. (2006) 228 for D. magna in a control and a 170 µg/L Zn treatment, respectively. As such, any possible Zn induced 229 effect on gene transcription in the F 1 or F 2 Zn -treatments cannot be attributed to the direct exposure 230 to maternally transferred excess internal Zn. 231
Comparison of Zn exposed and non-exposed daphnids of the F 0 generation resulted in 287 232 differentially regulated fragments. Omitting bad sequences and contamination sequences on the 233 array, 263 differential fragments were retained from the 1975 valid reporter fragments on the array. 234
However, redundant fragments were present on the custom microarray and therefore fragments 235 were grouped into contigs. This resulted in 291 contigs and 916 gene fragments not belonging to a 236 contig on the array. These estimated 1207 unique identified fragments will subsequently be called 237 unigenes. In this way, 178 differential unigenes representing 15% of the unigenes on the array were 238 detected in the Zn exposed versus non-exposed F 0 daphnids, 119 of which were upregulated. 239
When the transcription profiles of F 0 C and F 1 C were compared with Limma, we observed that 105 240 unigenes were differentially transcribed between two generations of control organisms. Between between two control groups of adult organisms were also observed in the earthworm Lumbricus 254 rubellus (Owen et al., 2008) . Worms sampled in November exhibited a different transcription profile 255 from worms exposed to the same conditions but sampled in late December. 256
The comparison of control treatments has not been reported by other authors working with this 257 custom D. magna microarray (Soetaert et al., 2006; Soetaert et al., 2007a; Soetaert et al., 2007b) . 258 Some of the differentially transcribed genes that are described by these authors may be due to the 259 above-mentioned differences in the molting phase and not to the chemical exposure. However, in 260 most of these experiments, juvenile daphnids were exposed for maximum 96 h. As daphnids of this 261 age do not reproduce yet, fewer confounding influences can be expected on reproduction related 262 genes. The same remark holds for a study with Daphnia magna and another microarray with 24 h 263 exposed neonates (Watanabe et al., 2008) . Others used exposed adult Daphnia sp. of different ages 264 with replicates at different dates, or even a mixture of adults and their offspring, thereby averaging 265 out differences in molting cycles (Poynton et al., 2007; Shaw et al., 2007) . 266
As the observed differential transcription between the non-exposed control generations was not due 267 to Zn, these genes were not considered in the comparison of Zn treatment effects. Applying this 268 filter, 71 differentially transcribed unigenes of which 44 were upregulated, were thus identified as 269 being affected by the Zn treatment in the F 0 generation. This is 39% of the originally detected total 270 number of differentially transcribed unigenes. The genes with a sequence description are 271 summarized in Table 2 . Genes for which no homology was found are listed in the online 272 found to be affected in our study with waterborne Zn. 302
After filtering out the fragments that differed in transcription between controls of the three 303 generations, 42 unigenes were found to be differentially transcribed between F 1 Zn -and F 1 C. Of these 304 20 were upregulated in F 1 Zn -. Applying the same procedure to F 2 , 56 differentially transcribed genes 305 were found, 24 of which were upregulated in F 2 Zn - (Table 2) . 306 Bossdorf et al. (2008) state that if environmental exposure causes a stable inheritable epigenetic 307 effect, a stable change in gene transcription should be observed in the consecutive generations 308 descending from the exposed organisms. In the present study, none of the putative 1207 unigenes 309 on the array was consistently up-or downregulated in the three generations (Fig. 2, Table 3 upregulated. An epigenetic effect of the Zn exposure in F 0 is deemed to be an unlikely cause of these 318 similarities in gene transcription for the following reasons. For the phage lysozyme it is possible that 319 the spot on the array is derived from bacterial or phage cDNA that was retained during the creation 320 protein gene in F 1 Zn -and in F 2 Zn -is probably due to random differences in the molting phases, as 327 mentioned in the discussion on the differences in gene transcription between the controls of 328 different generations. Twenty-six of the 191 unigenes that showed differential transcription between 329 the controls were homologous to cuticle proteins, indicating that this type of genes is subject to up-330 or downregulation independent of the Zn exposure. 331
Unlike in the F 0 Zn + treatment, oxidative stress response genes were not differentially transcribed in 332 F 1 Zn -and in F 2 Zn -. This can be directly linked to the absence of Zn-induced oxidative stress in these 333 non-exposed treatments (Lynes et al., 2007) . There was less uniformity in the direction of regulation 334 of differentially transcribed genes in F 1 Zn -compared to the F 1 C control within the functional gene 335 groups. A ribosomal protein gene was upregulated, while an elongation factor gene was 336 downregulated in the group of translation related genes. Out of five regulated metabolism related 337 genes, four were downregulated. This is in contrast with the patterns in the F 0 generation, where all 338 transcription and translation related genes were downregulated and all but one metabolism related 339 genes were upregulated in F 0 Zn + compared to F 0 C. The transcription pattern in the F 1 generation may 340 for some genes be due to random differences in the molting phases, as was the case for the 341 differential transcription observed between control treatments. A large number of the changes in 342 gene transcription observed in the F 1 daphnids are probably attributable to the Zn exposure in the 343 parent generation. It has been shown that previous Zn exposure of adult daphnids affects the fitness 344 of their offspring (Muyssen and Janssen, 2005) . Since the differentially transcribed genes between 345 F 1 Zn -and F 1 C were not the same as those between F 0 Zn + and F 0 C, the microarray data from this study 346 suggest that the response to the F 0 Zn exposure in the F 1 offspring is the result of other mechanisms 347 than those that are directly induced by the Zn exposure in the F 0 adults. 348
In the F 2 Zn -treatment, it is striking that all regulated vitellogenin related genes are downregulated 349 compared to the (Tables 1,2 ). Following the assumption that vitellogenin was induced 354 in F 0 as an oxidative stress response, it could be speculated that an "over-compensation" mechanism 355 occurred in F 2 Zn -. A possibly more likely explanation are random differences in the phases of the 356 reproductive cycle and the associated vitellogenesis between the sampled F 2 C and F 2 Zn -daphnids. 357
Stibor (2002) has demonstrated large differences in yolk protein levels at different times between 358 the deposition of two consecutive broods into the brood pouch. These random differences in 359 reproductive phases can also be the explanation for the upregulation of these vitellogenin genes in 360
It should be noted that only a limited, albeit relevant for ecotoxicological studies, set of genes could 362 be studied with this custom cDNA microarray which was not specifically developed to detect Zn 363 stress. Therefore not all mechanisms of Zn toxicity and recovery could be elucidated. Also, a possible 364 epigenetic transgenerational effect on the transcription of a gene that was not present on the array 365 cannot be excluded. 366
It can be concluded that the exposure of Daphnia magna to a sublethal Zn concentration for one 367 generation did not result in a transgenerational effect on the reproduction. An important 368 observation was the presence of a large number of genes that were differentially transcribed in 369 different subsequent generations of non-exposed control daphnids cultured in the same 370 experimental conditions. This is likely due to differences in the molting phases and reproductive 371 cycles of the daphnids in the different generations. It is clear that when adult daphnids are used for 372 microarray experiments such unintended gene transcription patterns should be accounted for, e.g. 373
by comparing the gene transcription of different control treatments. After elimination of this gene 374 transcription pattern, our microarray results demonstrate that Zn induces differences in gene 375 transcription in adult daphnids exposed to Zn. In the non-exposed F 1 and F 2 offspring, a considerable 376 number of differentially transcribed genes was also observed. However, none of the differentially 377 transcribed genes observed in the non-exposed F 1 and F 2 offspring were regulated in the same 378 direction in as in the exposed F 0 Zn + daphnids. As such, it is concluded that no Zn-induced stably 379 inheritable epigenetic change occurred on the transcription of any gene in the custom microarray 380 used. 381
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